Abstract-The use of an Electric Differential (ED) constitutes a technological advance in vehicle design along with the concept of more electric vehicles. EDs have the advantage of replacing loose and heavy mechanical differentials and transmissions with lighter and smaller electric motors directly coupled to the wheels via a single gear or an in-wheel motor. This paper deals then with an Electric Differential System (EDS) for an Electric Vehicle (EV) directly driven by dual induction motors in the rear wheels. A sensorless control technique is preferred to a position or speed encoder-based control one to reduce the overall cost and to improve the reliability. The EDS main feature is the robustness improvement against system uncertainties and road conditions. The EDS control performances are validated through experiments on a dSPACE-based test bench. The experimental results show that the proposed controller is able to track the speed reference and the curvature angle with good static and dynamic performances.
I. INTRODUCTION
Generally, in most EV propulsion applications, an AC motor is connected to the wheels by reduction gears and a mechanical differential. In some vehicle drive arrangements, high-speed low-torque wheel motors requiring gear reduction are used. In these cases, either a gear-motor assembly is mounted inside the wheel or a chassis-mounted motor is connected to the wheel through gear reduction. Further simplification of the vehicle drive arrangement results in elimination of the gear being interposed between the motor and the wheel. The above condition calls for the use of an electric differential (no mechanical gear) [1] [2] . ED-based EVs have advantages over their classical counterparts with a central motor. Indeed, mounting the motors directly on the wheels simplifies the mechanical layout. The EDS will reduce the driveline components, thus reducing the mass and improving the overall reliability and efficiency. This paper aims to present an innovative controller for an EV with improved driving characteristics maintaining the crucial advantages of high efficiency and local zero emissions. This vehicle is considered to be one of the most likely candidates for personal transportation in cities where air quality and traffic problems are quite demanding. In this context we proposed a simplified EDS, without expensive sensors, for an EV driven by dual rear wheels and with two induction motor drives (one for each wheel) [2] . In this case, the ED will manage the speed difference between the two wheels when cornering. The proposed EDS have a control loop to improve driving safety and stability. Indeed, the wheel speeds are finely tuned using the Model Reference Adaptive System (MRAS) approach for robustness purposes against external disturbances and system uncertainties. Figure 1 shows a block diagram of the developed EV propulsion control. The control system inputs are the speed reference based on the throttle position and the steering wheel angle defined by hand wheel rotation. The ED distributes the speed to the left and right wheel drive motors. The propulsion control system is implemented on a dSPACE digital signal processor DS1103 [3] . This platform has high-power calculation capability, notably with the presence of various dedicated multipliers, and parallel processing [3] [4] . These features are required by the time-critical and intensive computing tasks performed by the propulsion control system. In addition, Fig. 1 illustrates the implemented system (electric and mechanical components) in the Matlab-Simulink ® environment. It should be noted that the two inverters share the same DC bus whose voltage is supposed to be stable. Regenerative braking is not taken into account in this paper.
II. CONTROL SYSTEM DESCRIPTION
In addition, Fig. 1 illustrates the implemented system (electric and mechanical components) in the MatlabSimulink ® environment. It should be noted that the two inverters share the same DC bus whose voltage is supposed to be stable. Regenerative braking is not taken into account in this paper. The proposed control system principle could be summarized as follows: 1) A MRAC approach is used to control each motor torque; 2) The speed of each rear wheel is controlled using speed difference feedback. Since the two rear wheels are directly driven by two separate motors, the speed of the outer wheel will need to be higher than the speed of the inner wheel during steering maneuvers (and vice-versa). 
III. THE ELECTRIC DIFFERENTIAL AND ITS IMPLEMENTATION
Usually, a driving trajectory is quite enough for an analysis of the vehicle system model. We have therefore adopted the Ackermann-Jeantaud steering model as it is widely used as driving trajectory. In fact, Ackermann steering geometry is a geometric arrangement of linkages in the steering of a car or other vehicle designed to solve the problem of wheels on the inside and outside of a turn needing to trace out circles of different radii. Modern cars do not use pure Ackermann-Jeantaud steering, partly because it ignores important dynamic and compliant effects, but the principle is sound for low speed maneuvers [1] [2] [3] [4] [5] [6] (Fig. 2 ).
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One of the most important elements of the controller is the ED module. This module allows removing from the propulsion system the mechanical differential and transmission that makes the propulsion train completely electric. This all electric propulsion train has several advantages over traditional mechanical propulsion trains; it uses several electric motors, one for each driving wheel allowing independent control of each wheel. By having independent control of each wheel several features can be easily added to the propulsion system, like stability control, traction control and enhanced differential performances. In accordance with the equation cited in [2] , Fig. 3 shows the schematic diagram of the electric differential system.
IV. THE MODEL REFERENCE ADAPTIVE SYSTEM
A. Nomenclature
Fig. 3. The EDS block diagram. 
B. Induction Motor Dynamic Model
Generally, dynamic modeling of an induction motor drive is performed based on a rotating reference-frame theory and a linear technique.
A system configuration of an induction motor drive is shown in Fig. 4 . This motor drive consists of an induction motor, a bang-bang current-controlled Pulse Width Modulated (PWM) inverter, a field-orientation mechanism, a coordinate translator and a speed controller.
The induction motor dynamic model in the synchronously rotating d-q reference frame can be expressed by (1) [7] [8] .
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C. Adaptive Control
Adaptive control has emerged as a potential solution for implementing high-performance control systems, especially when dynamic characteristics of a plant are unknown, or have large and unpredictable variations. The MRAS achieves robust and high-performance because of the presence of a reference model which specifies the desired performance. The adaptation scheme uses stator voltages and currents, where the reference model output is compared to an adaptive model output. Then the rotor speed is estimated based on the difference between these state variables. A number of MRAS-based speed sensorless schemes have been described in the literature for field-oriented induction motor drives [9] [10] [11] [12] .
The MRAS general block diagram is shown in Fig.5 
The rotor flux d-component can be expressed as
and then
Substituting λ dm in (2) gives
and
Similarly, λ qr can be expressed as
Equations (6) and (7) constitute the reference model or the voltage model. The model calculates the rotor fluxes from the motor stator voltages and currents. The adjustable or adaptive model is constructed using the current flux model equations. 
Hence, the adaptive model may be represented as
The above equations give the rotor fluxes as functions of stator currents and rotor speed. Thus, if speed and stator currents are known, the rotor fluxes may be estimated. These equations are defined as the current model for flux estimation or adaptive model. The estimator that does not involve the quantity to be estimated (here the rotor speed ω r ) is considered as the reference model and the other estimator that includes the rotor speed is regarded as the adjustable model. If parameters and rotor speed values are known, then the outputs of both reference and adjustable models should match. An adaptation algorithm with a PI controller, as shown in Fig. 5 , is used to tune the speed so that the error ξ converges to 0.
While designing the MRAS adaptation algorithm, it is important to take into account the overall system stability and to ensure that the estimated speed will converge to the desired value with satisfactory dynamic characteristics. Using Popov criteria for hyperstability for a globally asymptotically stable system, we can derive the following speed estimation relation [13] .
where ˆd r qr dr qr
The speed estimated from MRAS control is fed back to a speed controller and is compared against the reference speed to get the controlled output.
V. EXPERIMENTAL TESTS
Before using the EDS on an EV, the drive performances of the proposed electric differential are evaluated using the experimental test bench shown in Fig. 6 .
The test bench is composed of elements that emulate various loads applied to the EV, operational means of the driver such as the induction motors (380V, 2.4A, 900W, 1400rpm), the drive units that control the induction motors using two inverters, a propulsion control chip (the accelerator pedal and the steering wheel) based on a dSPACE DS1103 board. The two high-voltage low-current inverters DMC1500 are designed with discrete semiconductors to seek a flexible and low-cost prototype. To validate the electric differential, a series of tests in different load conditions were performed to emulate different type of traction behavior of a road vehicle. For that purpose, the New European Driving Cycle (NEDC) is used. It consists of four repeated ECE-15 driving cycles and an extra-urban driving cycle (EUDC) (Fig. 7) .
We first evaluate the performance of the adaptive observer. The results displayed in Fig. 8 shows then the convergence of the estimated flux towards the references. In this case, the convergence is still guaranteed even if the initial conditions are different from zero.
The ED performances are illustrated by Fig. 9 , which shows each wheel speed during steering for 0 < t < 1180sec. It is obvious that the ED operates satisfactorily according to the complicated series of accelerations, decelerations, and frequent stops imposed by the urban ECE-15 cycle. Moreover, it can be seen that ω left and ω right are overlapped (beginning with zero steering angle). When the steering angle changes, the speeds ω left and ω right change too, in order to follow the Δω imposed by the differential algorithm. This experiment shows that the electric differential is able to pull the vehicle forward even if one of the wheels is spinning freely, which would not be the case with a traditional mechanical differential.
In the control systems, the main control inputs were torque and flux references. Operating conditions and sensing variables are considered to be ideal for all the system and the same tests were realized in experiments. Figs. 10 and 11 illustrate the ED emulation dynamics, respectively, the flux (λ dr ) and the developed torque for speed sensorless-based MRAS control in each induction motor, with changes in the acceleration pedal position and a varied road profile (rising and downward portions) (Fig. 12) . It should be noticed that flux and torque variations are as large as variations of the accelerator pedal and the road profile. The MRAS speed estimator performances are illustrated by Fig. 13 , which shows the measured speed and the estimated value. This figure clearly shows that the estimated speed during this test correctly follows the measured one even at zero-speed. 
VI. CONCLUSION
This paper has described the design and implementation of an electric differential for an electric vehicle propulsion system. The control system is evaluated with a rapid prototyping environment (dSPACE DS1103). It has been designed to meet the vehicle requirements (steering and stability) during trajectory changes. A key feature of our implementation is the development of a single chip that incorporates both the Electric Differential and the induction motors control. Experimental results verify and demonstrate the prototype operation with two 0.9kW induction motor drives in the powertrain using the NDEC test cycle. 
